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A mutation in the Lunatic fringe gene suppresses the effects of a
Jagged2 mutation on inner hair cell development in the cochlea
Nian Zhang*†, Gregory V. Martin*, Matthew W. Kelley‡ and Thomas Gridley*
Recent studies have demonstrated that the Notch
signaling pathway regulates the differentiation of
sensory hair cells in the vertebrate inner ear [1–9]. We
have shown previously that in mice homozygous for a
targeted null mutation of the Jagged2 (Jag2) gene,
which encodes a Notch ligand, supernumerary hair cells
differentiate in the cochlea of the inner ear [7]. Other
components of the Notch pathway, including the
Lunatic fringe (Lfng) gene, are also expressed during
differentiation of the inner ear in mice [6–10]. In
contrast to the Jag2 gene, which is expressed in hair
cells, the Lfng gene is expressed in non-sensory
supporting cells in the mouse cochlea [10]. Here we
demonstrate that a mutation in the Lfng gene partially
suppresses the effects of the Jag2 mutation on hair cell
development. In mice homozygous for targeted
mutations of both Jag2 and Lfng, the generation of
supernumerary hair cells in the inner hair cell row is
suppressed, while supernumerary hair cells in the outer
hair cell rows are unaffected. We also demonstrate that
supernumerary hair cells are generated in mice
heterozygous for a Notch1 mutation. We suggest a
model for the action of the Notch signaling pathway in
regulating hair cell differentiation in the cochlear
sensory epithelium.
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Results and discussion
In the sensory epithelium of the mammalian cochlea,
mechanosensory hair cells differentiate in four rows: a
single row of inner hair cells, and three rows of outer hair
cells [11]. In neonatal mice homozygous for the targeted
null mutation Jag2D DSL/Jag2D DSL, supernumerary hair cells
differentiate in both the inner and outer hair cell rows [7].
In addition, patterning of these fields is disrupted, such
that both inner and outer hair cells in the mutant mice are
no longer arranged in evenly patterned rows. These
results provide strong support for the model that differen-
tiation of sensory hair cells is regulated by Notch pathway-
mediated lateral inhibition [12]. This model is also
supported by genetic and gene expression analyses in
other vertebrates [1–5], as well as by laser ablation studies
of cultured mouse cochleae [13].
We also previously demonstrated that the Notch1 gene is
expressed throughout the cochlear sensory epithelium
prior to hair cell differentiation, and that Notch1 expression
is downregulated in differentiated hair cells [7]. As Notch1
homozygous mutant embryos die at E9.5 [14,15], well
before formation of the cochlea, we were unable to assess
hair cell differentiation in Notch1–/– embryos. Dosage-sensi-
tive effects of mutant alleles of Notch pathway compo-
nents are, however, commonly observed in both
invertebrates and vertebrates [16], so we examined hair
cell differentiation in heterozygous Notch1+/– neonatal
mice. This analysis revealed supernumerary hair cells in
the Notch1+/– mice compared to their Notch1+/+ littermates
(Figure 1). These supernumerary hair cells were confined
to the outer hair cell rows. Numerous regions of the
sensory epithelium of the Notch1+/– embryos contained four
rather than three rows of hair cells. 
As four rows of outer hair cells occur at detectable and
varying frequencies in different inbred mouse strains [17],
we quantitated the numbers of inner and outer hair cells,
as well as the numbers of fourth row outer hair cells, in
Figure 1
Effect of the Notch1in32 mutation on hair cell development in the
cochlea. (a) Notch1+/+ control cochlea. A single row of inner hair cells
(bottom) and three rows of outer hair cells are observed. (b) Notch1+/–
cochlea. The section of sensory epithelium in between the white
arrows contains four rows of evenly patterned outer hair cells. 
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cochleae isolated from Notch1+/+ and Notch1+/– neonatal
mice (see Supplementary material). This analysis revealed
significant increases in Notch1+/– mice in both the numbers
of regions of fourth row outer hair cells, as well as the total
number of fourth row outer hair cells. These results
provide strong support for the model that the receptor for
the lateral inhibitory signal in the cochlea is encoded, at
least in part, by the Notch1 gene. However, in contrast to
the phenotype observed in Jag2D DSL/Jag2D DSL mice, no
disruption in patterning in the outer hair cell rows was
observed in the Notch1+/– mice. The supernumerary outer
hair cells in the Notch1+/– mice were arranged in four
evenly patterned rows (Figure 1b). In another contrast
with the phenotype observed in Jag2D DSL/Jag2D DSL mice,
no supernumerary hair cells were observed in the inner
hair cell row in Notch1+/– mice (see Supplementary mater-
ial). These results demonstrate that mutations in different
components of the Notch signaling pathway can differen-
tially affect the inner and outer hair cell populations. 
Morsli et al. [10] demonstrated that the Lfng gene, which
encodes an extracellular modulator of the Notch signaling
pathway [18], is expressed in a dynamic pattern during
differentiation of the inner ear in mice. They showed that,
by day 16–18 of embryogenesis (E16–E18), Lfng expres-
sion is restricted to non-sensory supporting cells surround-
ing the differentiated hair cells [10]. Interestingly,
expression of the Jagged1 (Jag1) gene also is restricted by
E18 to non-sensory supporting cells surrounding the inner
and outer hair cells, although at earlier stages its expres-
sion appears to demarcate the future sensory patches [6].
We and others have previously constructed targeted null
mutations in the Lfng gene, and have shown that Lfng is
essential for proper somite formation in mice [19,20]. We
confirmed that the Lfng gene is expressed in non-sensory
supporting cells in the cochlea at E18 by examining
b -galactosidase expression in LfnglacZ/+ mice (Figure 2a,b).
We then examined whether there were any detectable
effects on hair cell differentiation in LfnglacZ/LfnglacZ
homozygous mutant mice. No differences in hair cell
numbers or patterning were detected in the LfnglacZ/LfnglacZ
homozygotes compared to heterozygous and wild-type lit-
termate controls (Figure 2b,c). 
As fringe-family proteins are believed to function by mod-
ulating the interaction between Notch-family receptors
and their ligands [18], we next examined whether the
LfnglacZ mutation had any effect on the phenotype of the
Jag2D DSL/Jag2D DSL mice. As we previously reported [7],
cochleae isolated from Jag2D DSL/Jag2D DSL mice exhibited a
large increase in the numbers of inner hair cells, and a
smaller increase in the numbers of outer hair cells
(Figure 3b). In addition, patterning in the outer hair cell
rows was much more irregular than in cochleae isolated
from control littermates (Figure 3a). Surprisingly, in
cochleae isolated from double homozygous mutant
Jag2D DSL/Jag2D DSL LfnglacZ/LfnglacZ mice, the increase of
inner hair cell numbers was totally suppressed (Figure 3c).
However, this effect was specific for inner hair cells. The
increase in number and disrupted patterning of the outer
hair cell rows was unaffected in the Jag2D DSL/Jag2D DSL
LfnglacZ/LfnglacZ mice. We also observed a dosage-sensitive
effect for the suppression of the Jag2D DSL/Jag2D DSL mutant
phenotype by the LfnglacZ allele. Double mutant animals
that were heterozygous for the LfnglacZ mutant allele (that
is, Jag2D DSL/Jag2D DSL LfnglacZ/+) exhibited only partial sup-
pression of the Jag2D DSL/Jag2D DSL mutant phenotype in
the inner hair cell row. In these mice, regions of two rows
of inner hair cells were interspersed with regions of a
single row of inner hair cells (data not shown).
The fact that the Lfng mutation suppresses the effects of
the Jag2 mutation on inner hair cell development suggests
that, in wild-type mice, the Lfng protein normally acts to
suppress Jag2-independent Notch signaling. Loss of Lfng
function in Jag2D DSL/Jag2D DSL LfnglacZ/LfnglacZ double
homozygous mutant mice uncovers this signal, permitting
partial suppression of the Jag2 mutant phenotype. One can-
didate molecule for this Jag2-independent Notch signal is
the Delta-like 1 (Dll1) protein. The Dll1 gene is expressed
in sensory hair cells at the appropriate time to encode a
ligand that could signal to Notch1-expressing supporting
cells [6]. Evidence from Drosophila indicates that during
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Figure 2
Expression of the Lfng gene in supporting
cells. (a) Optical sagittal section of LfnglacZ/+
cochlea. Supporting cells expressing the
LfnglacZ allele are shown in green, surrounding
the inner hair cell (arrowhead) and the three
outer hair cells (arrows). LfnglacZ expression is
not observed in the inner pillar cell (asterisk),
but is observed in the inner phalangeal cell,
the outer pillar cell and Dieter’s cells. Cell
nuclei have been stained with the dye
TO-PRO-3 (blue). (b) LfnglacZ/+ cochlea.
Supporting cells expressing the LfnglacZ allele
are shown in green, while sensory hair cells
are shown in red. (c) LfnglacZ/LfnglacZ
cochlea. No alterations in hair cell number or
patterning are observed.
(c)(b)(a)
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development of the wing margin, the Fringe protein acts to
inhibit signaling from Serrate (a Notch ligand homologous
to the mammalian Jagged proteins) to Notch, but may
enhance or potentiate signaling from Delta to Notch [18].
However, Jacobsen et al. [21] found that during sensory
bristle development on the Drosophila notum, ectopic
expression of the Fringe protein could suppress both
Delta- and Serrate-mediated Notch signaling, suggesting
that whether the Fringe protein suppresses or potentiates
Delta or Serrate function may be context-dependent.
We suggest a model for the cellular interactions taking
place during differentiation of sensory hair cells, particularly
in the inner hair cell row (Figure 4). The prospective hair
cell expresses both the Jag2 and Dll1 genes, while the sur-
rounding cells that will differentiate as supporting cells
express both the Notch1 and Lfng genes. The prospective
hair cell delivers a signal, mediated by the Jag2 protein, that
prevents differentiation of the surrounding cell as a hair
cell. The Notch1 protein serves as the receptor for this
lateral inhibitory signal, and the receiving cell subsequently
differentiates as a supporting cell. We also propose that, in
wild-type mice, the inhibitory signal potentially delivered
by the Dll1 protein is blocked by expression of the Lfng
protein by the prospective supporting cell. Therefore, in
the sensory epithelium of a Jag2D DSL/Jag2D DSL mutant
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Figure 3
Partial suppression of the Jag2D DSL/Jag2D DSL
mutant phenotype in the cochlea of
Jag2D DSL/Jag2D DSL LfnglacZ/LfnglacZ double
homozygous mutant mice. (a) Wild-type
control cochlea. A single row of inner hair
cells (bottom) and three rows of outer hair
cells are observed. (b) Jag2D DSL/Jag2D DSL
cochlea. Supernumerary hair cells are
observed in both the inner and outer hair
cell rows. In addition, patterning in the outer
hair cell rows is much more irregular than in
wild type. (c) Jag2D DSL/Jag2D DSL
LfnglacZ/LfnglacZ double homozygous
mutant cochlea. Generation of supernumerary
hair cells in the inner hair cell row is
suppressed in the double homozygote, while
generation of supernumerary hair cells and
disrupted patterning of the outer hair cell rows
are unaffected.
(c)(b)(a)
Wild type
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Figure 4
Model for the role of the Notch signaling
pathway during hair cell differentiation.
(a) Summary of observed phenotypes.
(b) Proposed signaling interactions between a
cell differentiating as a sensory hair cell and
non-sensory supporting cells in the inner hair
cell row. In a wild-type embryo, the prospective
hair cell expresses both the Jag2 and Dll1
genes, while the surrounding cells that will
differentiate as supporting cells express both
the Notch1 and Lfng genes. The prospective
hair cell delivers an inhibitory signal, mediated
by the Jag2 protein, that prevents differentiation
of the surrounding cell as a hair cell. The
Notch1 protein serves as the receptor for this
lateral inhibitory signal, and the receiving cell
subsequently differentiates as a supporting cell.
The inhibitory signal potentially delivered by the
Dll1 protein is blocked by expression of the
Lfng protein by the prospective supporting cell.
In a Jag2D DSL/Jag2D DSL mutant embryo, no
inhibitory signal is delivered to the surrounding
cells, permitting the differentiation of an excess
number of inner hair cells. However, in a
Jag2D DSL/Jag2D DSL LfnglacZ/LfnglacZ double
homozygous mutant cochlea, the Dll1 inhibitory
signal is no longer blocked by expression of
Lfng protein by the prospective supporting cell.
This permits the transmission of an inhibitory
signal, mediated by the Dll1 protein, to the
prospective supporting cells and results in the
suppression of the Jag2D DSL/Jag2D DSL mutant
phenotype in the inner hair cell row.
(b)(a)
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cochlea, either no inhibitory signal or a reduced inhibitory
signal is delivered to the surrounding cells, permitting the
differentiation of an excess number of hair cells. However,
in the sensory epithelium of a Jag2D DSL/Jag2D DSL
LfnglacZ/LfnglacZ double homozygous mutant cochlea, the
Dll1 inhibitory signal is no longer blocked by expression of
Lfng protein by the prospective supporting cell. This
permits the transmission of an inhibitory signal, mediated
by the Dll1 protein, to the prospective supporting cells and
results in the suppression of the Jag2D DSL/Jag2D DSL mutant
phenotype in the inner hair cell row.
Clearly, other factors are involved that prevent this scenario
from taking place in the outer hair cell rows. The Dll1 gene
is expressed in both inner and outer hair cells, and both the
Notch1 and Lfng genes are expressed in supporting cells sur-
rounding these hair cells. Therefore, differential gene
expression of these Notch pathway components does not
explain our results. The role of the Jag1 gene is also not
clear as, like Notch1 and Lfng, it is expressed in the sup-
porting cells at the time the hair cells differentiate [6]. At
present, we have no evidence to suggest what factors
might prevent the suppression of the Jag2D DSL/Jag2D DSL
mutant phenotype in the outer hair cell rows of the
Jag2D DSL/Jag2D DSL LfnglacZ/LfnglacZ double mutant mice.
However, several other pieces of evidence suggest that the
development and maintenance of inner and outer hair cells
may be differentially regulated. For example, mice
homozygous for the Bronx waltzer (bv) mutation exhibit a
selective loss of inner hair cells [22], while mice homozy-
gous for the KitW-v mutation exhibit a selective loss of outer
hair cells [23]. Mice homozygous for a targeted mutation of
Sod1, which encodes the Cu/Zn superoxide dismutase
protein, also exhibit an age-dependent selective loss of
outer hair cells [24]. It is possible that currently unidenti-
fied modulators of the Notch signaling pathway may be dif-
ferentially expressed in the inner and outer hair cell rows.
Supplementary material
Supplementary material including additional methodological details and a
table showing the quantitation of the effect of Notch1 gene dosage on
hair cell differentiation is available at http://current-biology.com/supmat/
supmatin.htm.
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